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Previous studies showed that a Bacillus subtilis strain deficient in mismatch repair (MMR; encoded by the
mutSL operon) promoted the production of stationary-phase-induced mutations. However, overexpression of
the mutSL operon did not completely suppress this process, suggesting that additional DNA repair mecha-
nisms are involved in the generation of stationary-phase-associated mutants in this bacterium. In agreement
with this hypothesis, the results presented in this work revealed that starved B. subtilis cells lacking a
functional error prevention GO (8-0x0-G) system (composed of YtkD, MutM, and YfhQ) had a dramatic
propensity to increase the number of stationary-phase-induced revertants. These results strongly suggest that
the occurrence of mutations is exacerbated by reactive oxygen species in nondividing cells of B. subtilis having
an inactive GO system. Interestingly, overexpression of the MMR system significantly diminished the accu-
mulation of mutations in cells deficient in the GO repair system during stationary phase. These results suggest
that the MMR system plays a general role in correcting base mispairing induced by oxidative stress during
stationary phase. Thus, the absence or depression of both the MMR and GO systems contributes to the
production of stationary-phase mutants in B. subtilis. In conclusion, our results support the idea that oxidative
stress is a mechanism that generates genetic diversity in starved cells of B. subtilis, promoting stationary-
phase-induced mutagenesis in this soil microorganism.

Adaptive or stationary-phase mutagenesis can be defined as
those mutations that permit organisms to grow and divide in
response to natural or artificial selection (5) and that occur in
nondividing cells during prolonged nonlethal selective pres-
sure, e.g., starvation for an essential amino acid (32). Although
this type of mutagenesis was first described in Escherichia coli
(7), additional examples of adaptive mutagenesis in other pro-
karyotes (21, 41) and in eukaryotic organisms (14) have been
published. In some cases, these mutations occurred in the
absence of specific selection but in response to starvation (11).
Regardless of the organisms utilized and the name used, these
types of mutations and the processes that generate them are of
real interest with respect to evolution and the generation of
diversity across all domains of life.

Studies with the F’ lac frameshift reversion construct of E.
coli (32) have demonstrated that the generation of Lac™ sta-
tionary-phase-associated revertants required functional recom-
bination (15), as well as component(s) of the SOS system (24,
25). Further evidence suggests that the mutations generated by
this lac system during stationary phase may also be the result of
amplification of the plasmid-borne gene followed by SOS-in-
duced mutagenesis and selection (18, 38). Recent studies have
demonstrated that DNA double-strand-break repair, in addi-
tion to the SOS DNA damage response and the error-prone
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DNA polymerase, are necessary for stress-induced reversion of
the E. coli F' lac frameshift reversion construct (17, 28).
Because of its ability to form endospores, Bacillus subtilis has
represented for several decades an excellent paradigm for
studying prokaryotic differentiation. Interestingly, mutations
that interfere with sporulation were shown in many cases to
also affect other processes taking place in post-exponential-
phase or transitional-growth-phase cells, such as competence,
motility, secondary metabolism, and resistance to adverse en-
vironmental conditions (39). Since genetic diversity has been
associated with stressed cell populations of B. subtilis (13, 19,
39), it was not a surprise to discover that mutagenesis also
occurs in the post-exponential-phase of this gram-positive bac-
terium (41). This mutagenic process has been demonstrated in
B. subtilis by means of an assay system that measures reversion
in the hisC952, metB5, and leuC427 chromosomal alleles (27,
30, 41, 42). This assay system has been very valuable in dem-
onstrating that the mechanisms underlying adaptive mutagen-
esis are rather different in B. subtilis and E. coli, although some
similarities between the two models seem to exist (27, 30, 41,
48). While recombination-associated processes were shown to
be strictly required during the generation of Lac™ stationary-
phase-associated revertants in E. coli (32), adaptive mutagen-
esis (i.e., neither recombination nor the activation of type 1
SOS functions) in B. subtilis was not dependent upon a func-
tional RecA protein (41). Surprisingly, the generation of B.
subtilis adaptive mutants was not dependent on o® (41), the
transcriptional factor which controls the general stress regulon
of B. subtilis (44). Interestingly, ComA and ComK, stationary-
phase active transcription factors that control competence de-
velopment, influence the production of stationary-phase-in-
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duced mutants (41), and more recently, it was demonstrated
that Mfd, a transcriptional repair coupling factor, is a compo-
nent of this mutagenesis process (33).

It has been suggested that in B. subtilis cultures, there are
cell subpopulations with suppressed DNA repair systems (41,
48) that might be responsible for some or all of the adaptive or
stationary-phase-induced mutagenesis. In agreement with this
hypothesis, a strain deficient in mutSL, encoding the mismatch
DNA repair system of B. subtilis, showed a significant propen-
sity to generate increased numbers of stationary-phase-in-
duced revertants (27). Moreover, a significant decrease in the
number of adaptive revertant colonies occurred in B. subtilis
cells that overexpressed the mutSL operon (27). Interestingly,
the single overexpression of mutS but not of mutL was suffi-
cient to decrease the level of adaptive mutants in the reversion
assay system of B. subtilis. A homolog of the MutS protein was
also found to be involved in the generation of stationary-phase-
induced mutants of Saccharomyces cerevisiae (14). However, in
E. coli, overexpression of MutL but not of MutS decreased the
number of mutations generated by the adaptive process(es)
without affecting growth-dependent mutagenesis (16).

Oxidative stress is a major producer of 8-oxo-dGTP, and this
oxidized precursor is frequently incorporated opposite adenine
in DNA (37). However, direct oxidation of DNA also gener-
ates 8-0x0-G, which induces GC—TA and AT—CG transver-
sions (43). The mutagenic effects of 8-oxo-G are counteracted
by the base excision repair pathway utilizing the DNA glyco-
sylases MutM and MutY (26). The former releases 8-oxo-G
from 8-0x0-G:C pairs, and the latter removes adenine from
8-0x0-G:A mismatches (26). The mutagenic effects of 8-oxo-
dGTP are also prevented by MutT, which hydrolyzes this
triphosphate to its monophosphate version, blocking 8-oxo-G
incorporation into DNA (23). The contributions of MutM,
MutY, and MutT greatly reduce the mutagenic effects of
8-0x0-G in E. coli, and together these proteins make up the
oxidized guanine (GO) system (12). The results of expression
and genetic complementation studies of ytkD and mutT of B.
subtilis suggested that these genes encode potential 8-oxo-
dGTPases that can prevent the mutagenic effects of 8-oxo-
dGTP (29). Recent results revealed that the loss of YtkD but
not MutT increased the spontaneous mutation frequency of
growing B. subtilis cells. However, cells lacking both YtkD and
MutT had a higher spontaneous mutation frequency than cells
lacking YtkD (8). Moreover, the loss of either YtkD or MutT
sensitized growing cells to hydrogen peroxide (H,O,) and tert-
butylhydroperoxide (--BHP), and the lack of both proteins
sensitized growing cells to these agents even more (8). B.
subtilis cells contain a complete GO system, since it has been
demonstrated that in addition to ytkD and mutT, mutM and
yfhQ (which encode potential homologs of E. coli MutM and
MutY, respectively) are found in the sequenced genome (35).

Our previous results showed that overexpression of the
mutSL operon did not completely suppress the production of
stationary-phase-induced mutations in B. subtilis (27). This re-
sult indicated that either not enough mismatch repair (MMR)
proteins were generated or additional mechanisms are in-
volved in the generation of stationary-phase mutations. To test
the latter hypothesis, we investigated here whether the GO
system which prevents and/or repairs oxidation-induced DNA
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damage is an additional component of the adaptive-mutagen-
esis process of B. subtilis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used are listed
in Table 1. B. subtilis YB955 is a prophage-“cured” strain that contains the
hisC952 (CAG—TAG at position 952; amber mutation), metB5 (GAA—TAA at
position 346; ochre mutation), and leuC427 (GGA—AGA at position 427; Gly to
Arg) alleles (41, 46, 47). The procedures for transformation and isolation of
chromosomal and plasmid DNA were as described previously (2, 9, 34). B.
subtilis strains were maintained on tryptose blood agar base medium (Difco
Laboratories, Detroit, MI). Liquid cultures of B. subtilis strains were routinely
grown in antibiotic medium no. 3 (A3) (Difco Laboratories, Detroit, MI)
amended with different antibiotics. When required, neomycin (10 wg/ml), tetra-
cycline (10 pg/ml), spectinomycin (100 wg/ml), chloramphenicol (5 wg/ml), ri-
fampin (5 pg/ml), or isopropyl-B-p-thiogalactopyranoside (IPTG; 1.0 mM/ml)
was added to the medium. E. coli cultures were grown in Luria-Bertani (LB)
medium supplemented with ampicillin to a final concentration of 100 pg/ml.

Construction of mutant strains. Knockouts in the genes of interest were
constructed by marker exchange between the chromosome- and plasmid-borne
alleles. Plasmids pPERM590 and pPERMS59%4 (8) were used to transform B.
subtilis strain 'YB955, generating strains PERMS563 (ytkD) and PERMS564
(mutT). The ytkD mutT double mutant in the YB955 background was generated
by transforming strain PERMS595 with plasmid pPERM564 (resulting in strain
PERMS597). The yfhQ mutM ytkD triple knockout was constructed as follows.
Genomic DNA isolated from B. subtilis PERMS599 (mutM) was used to transform
strain B. subtilis YB955, generating B. subtilis PERMS571 (mutM). Competent
cells of this strain were transformed with genomic DNA isolated from B. subtilis
PERMS598 (yfhQ), generating strain PERM572 (yfhQ mutM). Finally, this strain
was transformed with plasmid PERMS590, giving rise to strain PERMS573 (ytkD
mutM yfhQ) (Table 1). The double-crossover events leading to inactivation of the
appropriate genes were confirmed by PCR (data not shown).

A B. subtilis yfhQ mutM ytkD mutant overexpressing the mutSL operon was
constructed as follows. The open reading frame of the mutSL operon was PCR
amplified and cloned into the Xbal/Sall sites of pDG148 under the control of the
IPTG-inducible Pspac promoter. The resulting plasmid (pMPPR001) was am-
plified in E. coli XL10-GOLD Kan" (Stratagene, Cedar Creek, TX). The mutSL
operon under the Pspac promoter was released with EcoRI and BamHI and
cloned into the integrative vector pDG364 to generate pMPRO02. This plasmid
was amplified in E. coli DH5« and was introduced by transformation into the B.
subtilis strain PERMS573 to generate strain B. subtilis PERM731 (Table 1).

Stationary-phase mutagenesis assays. Essentially, cultures were grown in
flasks containing A3 medium with aeration (250 rpm) at 37°C until 90 min after
the cessation of exponential growth. Growth was monitored with a Pharmacia
Ultrospec 2000 spectrophotometer set at 600 nm. The stationary-phase mutagen-
esis assays were performed as previously described (27, 41) on solid Spizizen
minimal medium (SMM; 1X Spizizen salts supplemented with 0.5% glucose and
either 50 pg or 200 ng of the required amino acid/ml and 50 wg each of isoleucine
and glutamic acid/ml). The concentration of the amino acid used depended on
the reversion that was being selected. For instance, when selecting for His™
revertants, 50 pg of methionine and leucine/ml and 200 ng of histidine/ml were
added to the medium. Isoleucine and glutamic acid were added as described
previously (40) in order to protect the viability of the cells. When required, the
selection medium was supplemented with 1.0 mM IPTG/ml. The number of
revertants was scored daily. The initial number of bacteria plated for each
experiment was determined by serial dilution of the bacterial cultures and then
by plating the cells on a minimal medium containing all three essential amino
acids. The experiments were repeated at least three times.

The survival of the bacteria plated on the minimal selective medium was
determined as follows. Three agar plugs were removed from each selection plate
daily. The plugs were removed with sterile Pasteur pipettes and taken from areas
of the plates where no growth of revertants was observed. The plugs were
suspended in 400 wl of 1X Spizizen salts mixed, diluted, and plated on SMM
containing all the essential amino acids (50 pg/ml). Again, the number of colo-
nies was determined following 48 h of growth at 37°C.

Analysis of mutation rates. The growth-dependent reversion rates for the
His™, Met*, Leu", and rifampin resistance phenotypes were measured by fluc-
tuation tests with the Lea-Coulson formula, r/m — In(m) = 1.24 (22). Three
parallel cultures were used to determine the total number of CFU plated on each
plate (N,) by titration. The mutation rates were calculated as previously de-
scribed with the formula m/2N, (27, 31, 41). Strains were grown in A3 medium
supplemented with the proper antibiotics for 12 h. Mutation frequencies were
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TABLE 1. Strains and plasmids used in this work

Strain or plasmid

Genotype or description?

Source or reference

Strains
E. coli
PERMS590 E. coli XLL10-Gold carrying plasmid pPERM590 (Amp" Km") 8
PERM59%4 E. coli XLL10-Gold carrying plasmid pPERM594 (Amp* Km") 8
B. subtilis
PS832 Wild-type; trp™ revertant of strain 168 Laboratory stock
YBY55 hisC952 metB5 leuC427 xin-1 SppSENS 42
PERM563 AytkD::neo Neo' pPERM590—YB955”
PERM564 AmutT::tet Tet" pPERM594—YB955"
PERMS597 AytkD::neo AmutT::tet Neo™ Tet" pPERM594—PERMS563”
PERM598°¢ AyfhQ::spe Spe” P. Setlow
PERMS599¢ AmutM::tet Tet" P. Setlow
PERM571 AmutM::tet Tet" PS599—YB955¢
PERMS572 AmutM::tet AyfhQ::spc Spc” Tet” PERMS599—PERMS571¢
PERMS573 AytkD::neo DmutM::tet AyfhQ::spc Neo* Spc' Tet" pPERM590—PERMS572¢
PERM731 AytkD::neo DmutM::tet AyfhQ::spc with a Pspac-mutSL-lacl construct pMPRO02—PERMS573“
from pMPRO002 inserted into the amyE locus; Neo" Spc' Tet" Cm"
Plasmids
pDG148 spac expression vector; Amp' Km" W. L. Nicholson
pDG364 Integration vector (promotes ectopic integration into the amyE 9
locus); Amp' Cm"
pPERMS590 pBESTS501 containing 798-bp HindIII-Sall PCR fragment 8
encompassing 589 bp upstream and 209 bp downstream of the
ytkD translational start codon and an 866-bp BamHI-Sacl PCR
fragment encompassing 131 bp upstream and 735 bp downstream
of the ytkD translational stop codon; Amp”
pPERM594 PDG1515 containing the 986-bp BamHI-Xbal fragment 8
encompassing 904 bp upstream and 82 bp downstream of the
mutT translational start codon and 980-bp EcoRI-HindIII
fragment encompassing 193 bp upstream and 787 bp downstream
of the mutT translational ending codon; Amp*
pMPRO01 ~4.5-kb B. subtilis mutSL open reading frame cloned into the Sall/ This study
Xbal sites of pDG148
pMPRO002 pDG364 with an ~6.28-kb EcoRI/BamHI fragment from pMPR001 This study

containing the Pspac-mutSL-lacl construct

“ Chromosomal DNA from the strain to the left of the arrow was used to transform the strain to the right.
b Plasmid DNA from the strain to the left of the arrow was used to transform the strain to the right.

¢ The background for this strain is PS832.

"Amp, ampicillin; Km, kanamycin; Neo, neomycin; Tet, tetracycline; Spc, spectinomycin; Cm, chloramphenicol.

determined by plating aliquots on either five plates with LB medium containing
rifampin to a final concentration of 5 wg/ml or five plates with SMM agar
prepared as described above to select revertant colonies with His*, Met™, or
Leu™ phenotypes. The revertant colonies were counted after 24 to 48 h of
incubation at 37°C. These experiments were repeated at least three times (27).

RESULTS

Generation of stationary-phase mutants in a ytkD mutT-
deficient B. subtilis strain. ytkD and mutT of B. subtilis encode
potential 8-oxo-dGTPases that can prevent the mutagenic ef-
fects of 8-0xo-dGTP (8). In fact, the lack of either YtkD or
MutT sensitized growing cells of those strains to the oxidative-
stress agents H,O, and ~BHP and, as expected, the lack of
both proteins (the double-mutant strain) showed an even more
dramatic effect (Fig. 1) on the production of stationary-phase
mutants. These results strongly suggested that YtkD and MutT
work together to protect B. subtilis cells from the DNA damage
induced by oxidative stress, as previously reported for vegeta-
tive cells (8).

We used a reversion system to study stationary-phase-asso-
ciated mutagenesis in B. subtilis (30, 41) to analyze the pro-

duction of His™, Met™, and Leu™ revertant colonies in a mu-
tant ytkD mutT strain. The results revealed that the loss of the
YtkD and MutT proteins increased (by approximately three
times) the number of His* revertants compared to the number
obtained for the isogenic-repair-proficient parent strain YB955
(Fig. 1A). Similarly, four times the number of Met* revertant
colonies were observed in the mutant strain as in YB955 (Fig.
1B). On the other hand, the ytkD mutT double mutation did
not significantly increase the number of Leu™ revertant colo-
nies compared to the number for the parental strain (Fig. 1C).

Generation of stationary-phase mutants in a ytkD mutM
yfhQ-deficient B. subtilis strain. In E. coli bacteria, some of the
potential mutagenic effects of 8-oxo-dGTP are counteracted by
MutT, which degrades the oxidized nucleotides to the corre-
sponding monophosphate form, thus avoiding its incorporation
into DNA (23). B. subtilis seems to contain a complete GO
system since, in addition to ytkD and mutT, which encode
putative 8-oxo-dGTPases (8), its genome also has mutM and
yfhQ genes, encoding potential homologs of E. coli MutM and
MutY, respectively (35). MutM and MutY counteract the mu-
tagenic effects of oxidized bases on DNA. The MutM (Fpg)
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FIG. 1. Stationary-phase-induced reversions for his (A), met (B), and leu (C) of YB955 and PERMS597 (ytkD mutT) B. subtilis strains as
described in Materials and Methods. Results show the average number of accumulated revertants in six selection plates; error bars show one

standard error. This experiment was performed at least three times.

protein is a glycosylase which removes the 8-0xo-dGTP that
has become incorporated opposite cytosine residues, whereas
MutY, also a glycosylase, removes adenine when incorporated
opposite 8-oxo-guanine, guanine, or cytosine (12).

As described above, YtkD and MutT were shown to be
involved in protecting cells in the stationary phase of B. subtilis
from oxidative-stress-induced DNA damage. However, it was
considered essential to know the effect of genetically eliminat-
ing the complete GO system from the strain YB955 on the
generation of adaptive revertant colonies. To this end, a ytkD
mutM yfhQ triple mutant was constructed in the genetic back-
ground B. subtilis YB955. As shown in Fig. 2, YB955 cells
lacking a GO system had a dramatic propensity to increase the
number of His and Met revertants during stationary phase.
Specifically, with respect to the parental strain YB955, the ytkD
mutM yfhQ mutant showed increases of around 22 and 50
times in the number of His and Met revertant colonies, respec-
tively, generated during the stationary phase. Again, no signif-
icant differences were found between the ytkD mutM yfhQ
mutant and its parental strain in the number of colonies with
the Leu™ phenotype (Fig. 2). As previously described, both the
hisC952 and metB5 alleles in strain YB955 are nonsense mu-
tations (41, 46, 47); therefore, we investigated what types of
mutations (nonsense SUppressors versus true revertants) gave
rise to the His* and Met" revertants in the GO-deficient
strain. The results of this analysis revealed that 98 out of 100
His™ colonies that were picked on day five after initial plating
were also Met™*, whereas 94 out of 100 Met™ colonies were
also His™, suggesting that the His and Met revertants gener-

ated during stationary phase in the GO-deficient strain were
mainly the results of ochre suppressor mutations.

Our results revealed that the ytkD mutT double and ytkD
mutM yfhQ triple mutants had survival rates similar to that of
the parental YB955 strain during the time course of the ex-
periments (data not shown). Thus, no net increase or decline in
viable cell counts for the three strains was observed. In con-
clusion, the increase in the number of revertant His™ and
Met™" colonies observed in both mutant strains cannot be at-
tributed to differences in growth or survival with respect to the
growth or survival of the parental strain.

The growth-dependent mutation rates of the mutT ytkD and
ytkD mutM yfhQ strains for the generation of His™, Met ™", and
Leu™ colonies were also determined and compared with those
of the parental strain YB955. The results shown in Fig. 3
revealed that the mutation rates of the mutT ytkD double- and
ytkD mutM yfhQ triple-knockout strains were in fact greater
than those obtained for the strain YB955. However, it was
evident that the mutation frequencies of the mutT ytkD and
ytkD mutM yfhQ strains for both the his and met alleles, were
two and three orders of magnitude higher during the stationary
phase than in the exponential phase of growth, respectively. In
contrast to the results of the assays in stationary phase, partial
or full inactivation of the GO system significantly increased
Leu™ reversion in cells engaged in active growth (Fig. 3).

Growth-dependent and stationary-phase mutagenesis in a
GO-deficient strain that overexpresses the mutSL operon. The
MMR system of E. coli has been implicated in preventing
growth-dependent-mutagenesis induced by oxidative stress
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one standard error. This experiment was performed at least three times.
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(45). In fact, MutS and MutY have been shown to coopera-
tively interact to prevent the mutagenic effects caused by oxi-
dative damage (1). Accordingly, we investigated whether over-
expression of the MMR system of B. subtilis suppresses the
hypermutagenic phenotype of the ytkD mutM yfhQ strain. A
single copy of the mutSL operon under the control of the Pspac
promoter was recombined into the amyE locus of the GO-
deficient B. subtilis strain (Table 1). As previously described,
IPTG was added to induce the transcription of mutSL from the
spac promoter in this strain (27). The frequencies of sponta-
neous mutation to rifampin resistance were determined for this
strain and compared to those obtained with the GO-deficient
strain. Overexpression of the mutSL operon resulted roughly
in a sixfold decrease in the rate of spontaneous mutation to
rifampin resistance of the ytkD mutM yfhQ strain (Fig. 4A); this
effect was not observed when the hypermutagenic strain only
contained the pDG364 vector (data not shown). In addition, as
shown in Fig. 4B, the frequencies of growth-dependent rever-
sion to the His*, Met™, and Leu™ phenotypes decreased sig-
nificantly when the mutSL operon was overexpressed in the
GO-deficient strain. Taken together, our results suggest that
during growth the MMR system processes not only the mis-
matches generated by replication errors but also those pro-
moted by oxidative stress.

Our previous results showed that the MMR system is an
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important factor in the generation of stationary-phase-associ-
ated mutations, most probably due to its saturation by base
mispairing occurring in starved B. subtilis cells (27). Moreover,
as shown above, the amount of colonies with His* and Met™
phenotypes increased dramatically in the strain lacking a pro-
ficient GO system (Fig. 2). These results suggest that base
mismatches generated by oxidative stress during stationary
phase may contribute substantially to saturation of the MMR
system. In agreement with this hypothesis, our results revealed
that with respect to the ytkD mutM yfhQ strain, the number of
stationary-phase-associated His® and Met™ revertants de-
creased by more than 1 order of magnitude in the GO-deficient
strain that overexpressed mutSL (Fig. 5). Moreover, as shown
in Fig. 5, overexpression of mutSL significantly decreased the
number of colonies with a Leu™ phenotype in the GO-deficient
strain, indicating that other types of DNA damage occur in the
leu allele. The results shown in Fig. 5 cannot be attributed to a
decrease in the survival rates of the strain B. subtilis PERM731
since we found no significant differences in the survival rates
between this strain and the YB955 parental strain (data not
shown).

DISCUSSION

Stationary-phase-induced mutagenesis of B. subtilis is a de-
velopmentally regulated process (41, 48); it has been suggested
that subpopulations with suppressed DNA repair systems (30,
41) might be responsible for some or all of the adaptive or
stationary-phase-induced mutagenesis in this bacterium. In
agreement with this contention, our previous results suggested
that MMR is an important process in the generation of muta-
tions in nongrowing B. subtilis bacteria (27). However, overex-
pression of the mutSL operon did not completely suppress the
production of stationary-phase-induced mutants in B. subtilis
(27). These results suggested that additional DNA repair
mechanisms are involved in the generation of stationary-phase
mutants in B. subtilis. Previous studies have associated oxida-
tive stress with stationary-phase mutagenesis in starved cells of
E. coli (3, 4, 6) and Pseudomonas putida (36). Therefore, we
investigated here whether the error prevention GO system is
also part of the mechanisms which control the mutagenesis
process in nondividing cells of B. subtilis.

YtkD and MutT encode putative 8-oxo-dGTPases and may
function in a cooperative manner to protect B. subtilis cells

10000

:Dhts -met

1000 -

AGO

-Ieu B

1

AGO amyE::Pspac-
mutSL

Revertants per 10 CFU
s g

FIG. 4. Growth-dependent reversion to rifampin resistance (A) or to His*, Met™, and Leu™ (B) of PERM573 (ytkD mutM yfhQ) (AGO) and
PERM731 (AGO amyE::Pspac-mutSL). Results show the average number of accumulated revertants in six different selection plates; error bars
show one standard error. This experiment was performed at least three times.
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FIG. 5. Stationary-phase-induced reversions for his (A), met (B), or leu (C) of PERM573 (ytkD mutM yfhQ) (AGO) and PERM731 (AGO
amyE::Pspac-mutSL) B. subtilis strains as described in Materials and Methods. Results show the average number of accumulated revertants in six
different selection plates; error bars show one standard error. This experiment was performed at least three times.

from the mutagenic effects of oxidative stress (8, 29). To in-
vestigate the role played by these proteins in the stationary-
phase-induced mutagenesis of B. subtilis, we genetically dis-
rupted ytkD and mutT in the YB955 strain. The rates of
spontaneous mutation to rifampin resistance in this knockout
strain were around 40 times higher than those of the parental
strain (Table 2). Similarly, the growth-dependent mutation
rates for the production of His™, Met™*, and Leu™ colonies
were also higher in the ytkD mutT knockout strain than in the
parental YB955 strain (Fig. 3). In the adaptive-mutagenesis
reversion assay system, as shown in Fig. 1A and B, the inacti-
vation of the ytkD and mutT genes increased the number of
His™ and Met™ colonies by three to four times with respect to
the number of revertants produced by the parental strain.
Interestingly, the level of induction as measured by the number
of His" and Met™ colonies was very similar to that observed in
YBO955 cells lacking the MMR MutSL system (27). However,
with respect to the YB955 strain, the absence of MutSL but not
of YtkD/MutT increased the number of Leu™ colonies (27; this
work).

Altogether, our results suggest that suppression of YtkD and
MutT may increase the production of adaptive mutants due to
the accumulation of 8-0xo-dGTP, a nucleotide analog that
upon incorporating into the DNA increases the frequency of
G-T tranversions (37). Previous results revealed that YtkD of
B. subtilis is a protein which preferentially catalyzes the hydro-
lysis of 8-0xo-dGTP and 8-oxo-GTP over the respective non-
oxidized substrates (29). Therefore, based on the fact that
YtkD also processes the degradation of the mRNA precursor
8-0x0-GTP, the suppression of YtkD and/or absence of MutT
during stationary phase could also favor transcriptional errors
caused by the incorporation of 8-oxo-GTP opposite adenine in
the nascent mRNA.

In agreement with our results, by using a reversion assay
system to study adaptive mutagenesis in E. coli bacteria,
Bridges (3) found that a mutation in mutT increased the rate of

TABLE 2. Spontaneous mutation frequencies of YB95S5, ytkD
mutT, and ytkD mutM yfhQ strains of B. subtilis

Mean Rif" mutation

Strain frequency + SD (10~°) Relative frequency
YB955 1.7+ 0.82 1
ytkD mutT 75.47 = 0.63 44.39
ytkD mutM yfhQ 3,746 = 11.6 2,203

appearance of prototrophic revertants when E. coli tyrA14
(ochre) or trpA23 strains were incubated under starvation con-
ditions. In fact, the rate of appearance of prototrophic rever-
tants during the stationary phase in the mutT mutant of E. coli
was at least 1 order of magnitude higher than the rate of
production of His™ and Met™ adaptive colonies in the ytkD
mutT strain of B. subtilis. However, it must be pointed out that,
in contrast to results for E. coli (23), the inactivation of ytkD
alone or in combination with mutT did not confer a strong
mutator phenotype on B. subtilis (Table 2) (8). Therefore,
either B. subtilis relies on proteins in addition to YtkD and
MutT to hydrolyze oxidized nucleotides or the combined ac-
tion of YtkD, MutT, and the DNA glycosylases MutM and
YthQ is sufficient to counteract the mutagenic effects induced
by these potentially mutagenic precursors. We investigated this
possibility in the context of the stationary-phase-induced mu-
tagenesis of B. subtilis by constructing a triple ytkD mutM yfhQ
knockout strain. Our results revealed that the absence of these
genes induced a strong mutagenic phenotype in B. subtilis cells.
Thus, the spontaneous mutation frequency to rifampin resis-
tance was around 2,000 times higher in the ytkD mutM yfhQ
mutant than in the parental YB955 strain (Table 2). In agree-
ment with this result, the mutation rates of exponentially grow-
ing cells of the triple knockout for the production of His™,
Met™, and Leu™ colonies were around 2 to 3 orders of mag-
nitude higher than the mutation rates of the parental strain
YBI5S (Fig. 3). The ytkD mutM yfhQ triple mutant was tested
by using the adaptive-mutagenesis reversion assay system with
B. subtilis. The data obtained revealed a dramatic increase in
the number of His™ and Met" revertant colonies during the
stationary phase with respect to the number of colonies pro-
duced by the parental strain. This effect was unprecedented
since, as described above, the lack of a functional mismatch
MutSL system increased, to a lesser extent than presented
here, the mutation frequency of the YB955 strain during sta-
tionary phase (27). It is important to note that the suppressor
analysis indicates that most mutations conferring the Met™ and
His™ phenotypes are the result of ochre suppressors, even in
the triple-knockout strain. Interestingly, the results of previous
experiments that used a proficient strain in the GO prevention
system and examined the accumulation of His™, Met ™, and
Leu™ reversions showed that while most of the Met™ rever-
tants were also His™, only less than 10% of His™ revertants
were Met™ (41). This suggests that tRNA genes, particularly
those for lysine and glutamine, are prone to oxidative damage.
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Even more interesting are the observations that deficiencies
in the oxidative-damage prevention system affected the rate of
the mutations conferring a Leu® phenotype in exponential
growth but not the accumulation of Leu™ mutations in station-
ary phase. Considering the results obtained by examining the
His™ and Met™ phenotypes, it could be speculated that the GO
prevention system mediates mutagenic processes that are de-
pendent and independent of growth and that those that result
in a Leu" phenotype are exclusively produced during expo-
nential growth. Perhaps the mutagenic changes occurring at
the AGA position in the leu allele that result in a Leu™ phe-
notype are not generated via oxidative damage in stationary
phase. The results observed with the leu allele warrant further
investigation and may involve the activation of the SOS re-
sponse during exponential growth.

Studies with E. coli and P. putida have shown that indepen-
dent mutations in mutT and mutY but not in mutM did increase
the mutation rate of starved cells (3, 4, 36). On the other hand,
while a mutM mutation did not affect the mutation rate of a
mutT mutant, when combined with mutY a further enhance-
ment in the mutation rate of starved mutY cells was observed
(4). However, studies using adaptive mutagenesis with cells
deficient in a full GO system have not been previously pub-
lished.

Several lines of evidence have implicated the MMR system
in the repair of oxidative DNA damage (1, 45). The results
described in this work support this idea since overexpression of
the mutSL operon functionally complemented the hypermuta-
genic phenotype of the ytkD mutM yfhQ strain. In growing cells
of B. subtilis, the spontaneous mutation rates to rifampin re-
sistance and reversion frequencies of the his, met, and leu
alleles decreased dramatically in the GO-deficient strain over-
expressing the mutSL operon. Collectively, these results sug-
gest that during growth, the MMR system of B. subtilis not only
processes the DNA mismatches generated during replication
but also those promoted by oxidative stress.

In the stationary-phase assay system utilized here, the high
propensity of the GO-deficient B. subtilis strain to accumulate
His™ and Met™ colonies was substantially decreased (by more
than 1 order of magnitude) when this strain overexpressed the
mutSL operon. These results suggest (i) that oxidative-stress-
induced DNA mispairing may be an important source of le-
sions which contribute to saturation of the MMR system dur-
ing stationary phase and (ii) that the type of DNA mispairs
promoted by oxidative stress in starved cells may be processed
in a cooperative manner by both the MMR and the GO system.
Interestingly, as mentioned above with respect to YB95S, the
number of Leu™ colonies did not increase in the GO-deficient
strain in stationary phase (Fig. 1 and 2). However, generation
of these revertant colonies decreased significantly in the ytkD
mutM yfhQ strain overexpressing the MMR system (Fig. 5).
These results suggest that the mechanism involved in generat-
ing the Leu™ revertants during stationary phase involves other
types of DNA lesions which are recognized by MMR but not
oxidation-induced mutagenesis.

Based on our results with B. subtilis ytkD mutT and ytkD
mutM yfhQ mutants and the role the enzymes encoded by these
genes play in preventing and/or repairing oxidation-induced
DNA damage, it is possible to speculate that mutations in

J. BACTERIOL.

mRNA or DNA are exacerbated by reactive oxygen species
(ROS) in nondividing cells.

Overall, our results support the proposal that starved cells
have increased mutation frequencies that affect the production
of adaptive mutants. Furthermore, the data presented here
build on previously postulated pathways of mutagenesis in B.
subtilis cells experiencing starvation stress (20, 30). One as-
sumption demonstrated here that supports these pathways is
that the MMR system may be sequestered or turned off while
cells experience significant oxidative damage. A major unan-
swered question is whether this stationary-phase process oc-
curs in a subpopulation of the cells (30).
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